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Abstract The spatial and temporal variations in cloud-to-
ground (CG) lightning and precipitation during the summer
monsoon months in Korea have been analyzed in relation to
the regional synoptic weather conditions. The lightning data
used in this study were collected from a lightning detection
network installed by the Korean Meteorological Adminis-
tration, while the precipitation data were collected from 386
Automatic Weather Stations spread over the entire Korean
Peninsula during 2000 to 2001. A distinctive morning peak
of precipitation is observed over the midwest region of
Korea. Along the east coast, little precipitation and CG
flash counts are found. Despite the strong afternoon peaks
of convective rainfall due to the high elevation over the
southern inland region, the south coast shows nocturnal or
early morning peaks, which represents a common oceanic
pattern of flash counts. In 2000, the nighttime peak for
lightning counts dominates over the southern area, while
the afternoon peak was strong in the midland during the
summer, mainly due to the northward transportation of
moisture to the Korean Peninsula. Conversely, the strong
afternoon peak for the southern region was confronted with
early morning peaks in the midwestern region during 2001.
The eastward transport of moisture has been analyzed and
was considered to be dominant in 2001. The study of
several warm and cold type fronts in 2000 and 2001
indicate that the warm type fronts in 2000 were associated
with very little lightning, while the cold type fronts
appeared to be responsible for the occurrence of abundant
lightning in 2001, thereby, indicating that the warm and
cold type fronts were representative of the local lightning
distribution in the respective years.
1 Introduction
Convective activity is an important meteorological event. It
has been found that the lightning activity associated to
convective systems can be a useful indicator of their rain
yield. The connection between lightning and rainfall has
been documented by various researchers (Molinie et al.
1999; MacGorman and Rust 1998; Uman 1987; Latham
1981; Shackford 1960; Marshall and Radhakant 1978;
Petersen et al. 1999; Carey and Rutledge 2000; Latham et
al. 2004; Zhou et al. 2002). The higher correlation between
cloud-to-ground (CG) lightning and rainfall than that
between total lightning and rainfall has been reported by
Cheze and Sauvageot (1997). The connection between
lightning and convective precipitation has been documented
both for individual thunderstorms (Piepgrass and Krider
1982; Cheze and Sauvageot 1997; Soula and Chauzy 2001)
and also for large spatial and long temporal domains
(Sheridan et al. 1997; Petersen and Rutledge 1998).
Moreover, their spatial distribution would be a useful
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quantitative indicator of different rainfall regimes, as
indicated by Zipser (1994) and Petersen and Rutledge
(1998). An investigation conducted by Petersen and
Rutledge (1998) examined the relationship between the
precipitation and lightning on a large spatial and temporal
scale for several different parts of the globe using the
total rain mass and CG flash density. Direct estimation of
rainfall from CG lightning observations has also been
explored by various researchers (Piepgrass and Krider
1982; Buechler et al. 1990; Chronis et al. 2004). Despite
similar synoptic conditions, the actual lightning distribu-
tion varies day by day due to the random nature of the
initiation of thunderstorms.
However, many common features are found in the
structure of lighting distribution. Moreover, orography and
local synoptic conditions have a great influence on the
initiation of local lightning and production of precipitation.
Rainfall, especially when influenced by terrain, is often
highly episodic in time and space. Therefore, because of the
complex topography of the Korean Peninsula, a study of
the rainfall and lightning activity is needed. The relation-
ships of lightning and precipitation to certain orographic
features (Watson et al. 1994; Finke and Hauf 1996) or to a
synoptic pattern (Reap 1994) have been used in this study.
Thunderstorms are quite frequent in the Korean Penin-
sula and have been considered relevant by meteorologists
for characterizing the meteorology of Korea (Lim and Lee
2005; Kar and Ha 2003). In the middle latitudes, the rainfall
variability during the day is more complex due to the
interaction of regional and synoptic circulations with local
flows and convergence zones. These circulations are
determined by regular and predictable forcing by solar
heating and topographic effects, such as orographic clouds
and sea breeze, of which the Korean Peninsula is an
example. Nonetheless, the number of studies related to the
Korean Peninsula is limited. These studies have not shed
any light on the time–space variability of lightning with the
regional synoptic weather conditions. For total precipita-
tion, Ramage (1952) suggested that most coastal stations
around the Yellow Sea had a distinctive morning peak in
precipitation based on observed precipitation in East Asia,
including China, Korea, and Japan. Stations in the interior
land region of East Asia have shown either two peaks of
comparable magnitude or no well-defined variation. To
explain the early morning peak, the author suggested that
warm air advection, which is favorable for the monsoon
circulation, plays a crucial role over that region. Ramage
(1952) also commented on the intensified diurnal variation
in precipitation, which was influenced by land–sea breezes,
topography, and nocturnal radiation from cloud tops. Lim
and Kwon (1998) have also shown two peaks in the early
morning and late afternoon for the Korean Peninsula. Oki
and Musiake (1994) reported morning peaks in Japan with
low-level convergence between the local land–sea breeze
and the predominant monsoon wind.
The goal of this study is to investigate the variations in
the lightning and precipitation activity over the Korean
Peninsula during two synoptically different years. The
seasonal, diurnal, and spatial variabilities in CG lightning
have been analyzed; the results were compared with
precipitation information. This study will be useful in
understanding the role of lightning in the monsoon rain
band over Korea, and this improved understanding could
eventually result in enhanced proficiency for predicting
convective rainfall in similar situations.
2 Data and methodology
The lightning data used in this study were collected from a
lightning detection network installed by the Korean Meteoro-
logical Administration (KMA; open circle in Fig. 1). The
network consisted of eight IMProved Accuracy from
Combined Technology Enhanced Sensitivity and Perfor-
mance (IMPACT ESP) sensors. The detection efficiency and
position accuracy was obtained by combining time of arrival
and magnetic direction finding technology in the IMPACT
ESP sensor, with the time motivated by GPS. For the
accurate detection of lightning events, three IMPACT sensors
are needed. The flash detection efficiency was greater than
90%, with ground strike location accuracy better than 1 km
over South Korea as shown in Fig. 1. The lightning detection
efficiency of this type of network has been summarized by
Cummins et al. (1998). To determine the total (both negative
and positive) monthly number of CG lightning flash counts,
a temporal scale of one month and a spatial scale of 0.05
latitude×0.05 longitude were used.
Fig. 1 Observation stations, lightning detection efficiency (percent),
and system accuracy (kilometer). The thick black and gray lines
indicate the system accuracy and detection efficiency, respectively
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Precipitation data were obtained from 386 Automatic
Weather Stations (AWS) spread over the entire Korean
Peninsula (closed circles in Fig. 1). For simplicity, the
precipitation was assumed to be uniformly distributed
within 0.25 latitude×0.25 longitude block. Blocks not
including a station are marked by shaded rectangles in
Fig. 1, where the precipitation has been interpolated. Our
selection of a small spatial scale helped to maintain the
spatial variability associated with the complex orography of
the Korean Peninsula.
Diurnal values of precipitation and CG lightning flash
counts were obtained by averaging their corresponding values
for the months of June, July, and August. The measured
rainfall does not differentiate stratiform and convective
rainfall. In order to estimate convective precipitation, the rain
yield values were examined and compared with the lightning
and rainfall using the method of Petersen and Rutledge
(1998). Rain yields (kilogram per flash) were computed from
the ratio of the total rain mass over a certain area to the
number of lightning flash counts over the same area using
the rain gauge data from AWS.
3 Results and discussions
The Korean summer monsoon season is called Changma,
which starts in late June when a stationary Changma front
is formed between the humid and warm North Pacific air
mass and the dry and cold Okhotsk sea air mass. The
stationary front proceeds and retreats over Korea depending
on the expansion of these two air masses and 50% to 60%
of the annual precipitation concentrated during this period.
This dies out in late July as the Okhotsk air mass shrinks
(Kim et al. 2002; Kar and Ha 2003; Ha et al. 2005).
Before describing precipitation or lightning, it is necessary
to be acquainted with the physical features of South Korea
(Fig. 2). The eastern Korean Peninsula includes the
northwest–southeast Taebaek Mountains. The central region
is in rows, with the southwest–northeast mountain range of
Charyeong, Noryeong, and Sobaek Mountains, where the
elevation decreases westward out of the high mountain
region. Plains are located along the west coast and the east
side of the southern Sobaek Mountains. The gray rectangles
are the eleven different climatic regions of South Korea,
which have been analyzed in the next section.
3.1 Temporal variation of precipitation and lightning
3.1.1 Daily variability
Figure 3 depicts the daily accumulated precipitation and
flash totals in South Korea during the periods of June to
August in both 2000 and 2001. The upper two panels are
for 2000 and the lower two for 2001. The precipitation
varied from 0 to about 70 mm per day and the number of
CG flashes from 0 to more than 1.0 count per 0.05
latitude×0.05 longitude per day. In 2000, the monsoon
precipitation started to increase in late June and continued
through the end of August. In late August, the precipitation
significantly increased. For 6 days in August, from the 23rd
to the 28th, heavy rainfall was observed on the west coast,
which might be the reason for the comparatively higher
precipitation during the summer (June, July, and August) of
2000 compared to 2001, although, it was higher in 2001
only from June to July. As for 2000, the monsoon
precipitation in 2001 started to increase at almost the same
time. The precipitation started to increase in mid-June and
ended or started to subside by mid-August (Ha et al. 2005),
which was a distinctive feature of 2001. A record rain event
occurred on 14–15 July 2001 in midwest Korea, where a
blocked low over the Yellow Sea and moisture transport
through a southwesterly flow caused a strong convergence.
Lightning counts began to increase in early July 2000,
which continued to the end of August, while in 2001, these
decreased dramatically, corresponding to the precipitation
break in the middle of August. Although no considerable
flash counts were observed in June 2000, comparatively
higher flash counts were observed in June 2001. It is
interesting to note that on the 11th and 30th of July and the
31st of August 2000, lightning events were barely
observed, as those days were reported as typhoon affected
days by the daily weather map. This result was physically
consistent, as typhoons are associated with relatively low
CG lightning flash rates, as reported by Lim and Lee (2005)
and Samsury and Orville (1994). The correlation between
precipitation and lightning in Fig. 3 is very poor. These
poor correlations between daily precipitation and lightning
were not inconsistent and might have been due to several
factors. It is worth mentioning here that not all precipitation
comes from convection and therefore, could be responsible
for the poor correlations. Moreover, in mountainous terrain,
orographic effects can enhance monsoon rainfall without
causing lightning. Some rainfall comes from nimbostratus
(or stratiform) precipitation, which may have significantly
lower (or zero) flash rates. Monsoon convection can also
produce rainfall from warm rain processes (entirely or in
part). This might have lowered the correlation between
convective precipitation and lightning, as shown in past
polarimetric radar studies (Petersen et al. 1999; Carey and
Rutledge 2000).
3.1.2 Hourly precipitation and lightning
A comparison of the hourly precipitation, flash totals, and
rain yields for the eleven geographical regions, as indicated
in Fig. 2, are shown in Figs. 4 and 5 for 2000 and 2001,
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respectively. Because the absolute magnitudes of the average
precipitation and flash counts show large differences between
regions and times, they have been normalized by their
average, which is indicated in the last panel with the
“Ave=.” Lines with open circles on the log-scale y-axis on
the right side indicate rain yields. In the normalization
process, the average has been computed over all eleven
areas, not for each separate region.
Some interesting characteristics of rainfall and lightning
are seen in Figs. 4 and 5. During 2000, an early morning
peak of precipitation was seen over the west coasts and land
regions (WM_coast, WM_land, W_coast, and WS_coast).
However, these early morning precipitations were not
accompanied by large lightning activity and therefore,
represent comparatively higher values of rain yields during
the morning hours. Although, weak morning peaks of
lightning were seen over the south and southeast coast and
southern land region (S_coast, ES_coast, and S_land).
These morning peaks of lightning activity were very
consistent with the results reported by Kar and Ha (2003).
They suggested that a mixed rainfall process (i.e., graupel,
ice crystal, and supercooled water) operates in this region.
The bai-u rain from Japan and the mei-yu front from China
formmixed precipitation processes, which produce significant
amounts of warm rain convection with low lightning activity
(Tanaka 1992) over this region after being obstructed by the
Sobaek Mountains.
Over the entire east coast (EM_land, EM_coast, and
ES_coast), both rainfall and lightning counts were compara-
tively very small, which might have been due to the “Foehn
phenomenon.” Humid air passes over the Taebaek Mountains
and loses its moisture; therefore, when it descends down the
slope, the temperature rises, resulting in a strongwarm and dry
wind due to compression.
Strong afternoon and late afternoon peaks of lightning
were evident for the most part, except for the mideast and
southern coasts and island (EM_coast, S_coast, and Island).
These regions had lower rain yields during the afternoon
and late afternoon, the results of which were physically
consistent. The land regions (WM_land, EM_land, M_land,
and S_land) are located along the northeast–southwest
elongated Mountains. The moist convection from the
western Pacific to the western part of Korea is transported
to the Mountains where it is forced aloft by the upslope of
the terrain. This upslope motion enhances lightning activity
on the windward side of the Mountains. This lightning
activity tended to be more frequent during the afternoon
and early evening when convective lifting coincided with
Fig. 2 Topography of Korea.
Mountain ranges are repre-
sented by thick dashed lines.
Gray rectangles represent the 11
regions used to analyze the
spatial variation in the CG flash
counts and precipitation. “M,”
“E,” “S,” and “W” denotes the
“mid,” “eastern,” “southern,”
and “western” parts of the
Korean Peninsula, respectively,
and “Land” and “Coast” regions
are indicated by the underscore.
Thus, the “WM_coast”
represents the coastal region
of the midwest area
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the mechanical lifting of the terrain. Hence, the precipita-
tion over these regions during the noon and afternoon
periods were expected to be mostly convective in nature.
An early morning peak of precipitation was also evident
in the western areas as in 2000, along with the south coast
and island during 2001. However, in the midwest, the
normalized value of precipitation increased compared to
2000. Differently from 2000, the early morning precipita-
tion was associated with relatively increased lightning
counts, especially in midwest and island regions. Hence,
these regions showed relatively lower rain yields compared
to 2000. Close scrutiny indicated a shift of early morning
precipitation peaks from the coastal region in the west to
the land area later in the morning. This suggests that
precipitation systems propagate toward inland regions from
the west coast region, most likely due to the sea breeze or
similar boundary layer forcing with diurnal cycle (Kar and
Ha 2003). Similar to 2000, the entire east coast (EM_coast
and ES_coast) exhibited lower values of both rainfall and
lightning during 2001, which was assumed to be the cause
of the “Foehn phenomenon” as mentioned before. Strong
afternoon peaks of lightning were clearly evident in the
south land. Unlike 2000, the midwest and west coasts
(WM_coast and W_coast) did not show any prominent
afternoon peaks of lightning in 2001.
It is worth mentioning that for both years, the distinctive
morning peak of precipitation in the west was in good
agreement with the findings reported by Ramage (1952)
and Lim and Kwon (1998). The afternoon peaks of
precipitation and lightning were predominant over the
southern inland (S_land), probably, due to the local
orography effect. However, on the south coast (S_coast)
Fig. 3 Daily accumulated pre-
cipitation and CG flash counts
in 2000 (upper two) and 2001
(lower two) from June
to August
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and “Island,” no noticeable peaks were observed, with the
diurnal variation remaining constant for all the afternoon
peaks in the neighboring southland.
3.1.3 Rain yield
A comparative analysis of rain yields between the coastal
and land regions was performed, the results of which are
shown in Table 1. The results are shown graphically in
Fig. 6, where monthly averages for precipitation and CG
flash counts for all the coast and land areas have been
plotted. The average rain yields in 2000 and 2001 varied
from 4×108 to 2×1010kg fl−1. It is evident that the rain
yield values are, in general, always higher over the coastal
than land region for both years. This result corroborates the
findings of Kar and Ha (2003). An exception was noticed in
July 2001 when the average coast rain yield was slightly
lower than that over land. The highest rain yield value was
observed during June, while the lowest was observed
during August both for the coastal and land regions. This
trend was observed in both years. The values and trends of
the rain yield were consistent with the results available in
the literature. Petersen and Rutledge (1998) investigated the
rain yield values, and they were clustered near 108kg fl−1
for a large portion of midcontinent United States. Rain
yields were slightly lower over the arid southwestern
United States, averaging ∼6×107kg fl−1. Soriano et al.




Island S_coast  
Fig. 4 Time evolution of pre-
cipitation, CG flash counts, and
rain yields for the 11 areas
marked in Fig. 2 during 2000.
All values are normalized by the
average of all 11 areas
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value of ∼108kg fl−1, but these varied as a function of the
climate regime, increasing from a mean value of 1.2×108
kg fl−1 for the semiarid region of the Iberian Peninsula to
2.1×108kg fl−1 for the humid region of the Iberian
Peninsula. A recent study conducted by Kar and Ha
(2003), concerning the characteristics of CG lightning and
total precipitation during the Korean summer monsoon
season, showed that the maximum rain yield values were
observed on the east coast of the Korean Peninsula,
particularly, in the region east of the Taebaek Mountains,
with a mean value of 3×108kg fl−1, while the minimum
value was observed west of the Taebaek Mountains, with an




Island S_coast  
Fig. 5 Same as Fig. 4, but for
2001
Table 1 Averaged rain yields (kilogram per flash) for the coastal and
inland regions
Coast Land Mean
June 2000 1.78×1010 8.96×109 1.34×1010
July 2000 2.53×109 1.58×109 2.05×109
August 2000 3.64×109 2.33×109 2.99×109
June 2001 6.07×109 4.75×109 5.41×109
July 2001 6.17×108 6.60×108 6.39×108
August 2001 7.04×108 4.02×108 5.54×108
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The differences between the land and coastal values were
not huge. This suggests that the averaged pattern of precipi-
tation and CG flashes between the land and coast did not cause
large differences over South Korea, at least during 2000 and
2001. However, it should not be concluded that local influence
for each land and coastal region do not exist. It is worth
mentioning that there are several other factors, as discussed
earlier in Section 3.1.1, which may influence the average rain
yield values. The spatial variations in precipitation and CG
flash counts have been analyzed in the next section.
3.2 Spatial variability of lightning and precipitation
3.2.1 Precipitation, flash count, and flash count maximum
time
Since precipitation over the entire Korean Peninsula cannot
be affected by only a synoptic field, the distinctive pattern
of precipitation in an averaged time series may not be
unique. An explanation for the local characteristics of
precipitation has been attempted through spatial variations
in precipitation, flash count, and its time of maximum.
Figure 7 shows the climatological aspects of precipitation
and the days with a thunderstorm from 1971 to 2000 (Kwon
et al. 2004, KMA 2001). Accumulated precipitation for the
months of June, July, and August are shown in (a) to (c), and
(d) is the total of these 3 months. The annual precipitation
and thunderstorm days are shown in (e) and (f), respectively.
In June, the maximum precipitation core is located along
the southern coast and decreases northward. Thereafter,
precipitation increases largely in the midwest region during
July and August as the southern rainfall remained. This is
because of the southwesterly wind, which is obstructed by
the Taebaek and Charyeong Mountains that produces a lot
of precipitation. A low-pressure system formed over China
passes, and the humidity is also converged from the
Changma front in this region. Another region for heavy
rain exists between the southern and midwest peaks. Here,
frequent heavy rainfall is produced due to the high
elevation of the terrain, i.e., the Charyeong, Noryeong,
and Sobaek Mountains (Kwon et al. 2004). The precipita-
tion core in the mountainous region in the mideast during
July and August was mainly due to typhoons. When
typhoons pass across the Korean Peninsula or the South
or East Sea, the warm and humid air from the typhoon meet
the relatively cold and less humid air from the northeast
over the Taebaek Mountains, which forms strong rainfall.
The total rainfall during the summer monsoon period
accounts for 50∼60% of the annual precipitation (Fig. 7d,
e), and the patterns of the two are very similar as the
maximum and minimum points correspond. Maximum
lightning is produced in the midwest as well as along the
west coast. The maximum lighting activity in the midwest
was mainly due to the abundant moist air associated with
the westerly and southwesterly flows in the lower part of
the air, which cause highly unstable parcels and the
development of mesoscale convective systems (MCSs)
due to the perturbation of such unstable parcels in this
region. It is well known that lightning is frequently
observed in association with the stratiform portion of
continentalMCSs (Rutledge andMacGorman 1988; Williams
et al. 1989). Hence, two factors favor the development of
strong lightning in this region. The availability of moisture,
the location of the subtropical ridge axis, transitory troughs
in westerlies, and low-level moisture surging from the west
and southwest of Korea can affect the occurrence of
thunderstorms, which in turn will affect the production of
lightning (Kar and Ha 2003).
The spatial distribution of the hourly mean precipitation,
flash counts, and the time of maximum flash counts for
June, July, and August in 2000 and 2001 are presented in
Figs. 8 and 9. A spatial scale of 0.25×0.25 latitude–
longitude (about 25×25 km) for precipitation and 0.05×0.05
latitude–longitude (about 5×5 km) for flash counts were
considered. The complicated characteristics of the time of
maximum flash counts are plotted with a time resolution of
6 h. Because of the complicated terrain of the Korean
Peninsula, large differences in space and time of flash counts
are evident between months and years.
The precipitation over the Korean Peninsula during
summer is associated with band-type convection over a
stationary Changma front, typhoons, the middle-latitude
low system, and the mesoscale convective system, which
develops over the Yellow Sea from China and creates heavy
rainfall over the Korean Peninsula (Sun and Lee 2002).
Fig. 6 Normalized values for both monthly averages of precipitation
and CG flash counts for coastal and land regions for each month. The
x-axis is the log of the precipitation and the y-axis is the lightning
count. Dashed lines indicate the rain-yield values. Triangles, squares,
and circles represent June, July, and August, respectively. Closed and
open marks represent coastal and land regions, and gray and black
represent 2000 and 2001, respectively
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Of the items mentioned above, band-type convective
systems are generally stationary or slow moving; so,
lightning becomes concentrated in a relatively narrow
rainfall area and large number of lightning can be generated
by band-type convection (Lim and Lee 2005). The
development of a mesoscale convective system and its
eastward progress might be the cause of the nighttime
midwestern peaks. In June 2000, the total precipitation and
flash counts were very low. Morning and afternoon peaks
of lightning were mixed over the entire peninsula, as shown
in Fig. 8. In July, enhancement of both rain and flash counts
were seen along the southern area while two activity centers of
lightning appeared in the midland and on the southeast coast.
Concentrating on the time of maximum flash counts, the
nighttime peak can be seen to dominate the southern area,
although, the midland peak in the afternoon was due to the
high elevation of the mountains. The southern precipitation in
July 2000 can be explained by the Changma front associated
with band-type convection, as mentioned in Section 3.1.2
(Kar and Ha 2003). The lightning peak along the west coast,
although small, also prominently acts at night.
Two main circulation types were expected to play
important roles in determining the spatial pattern of lightning
distribution over South Korea during July 2000. The sea
breeze from the Yellow and South Seas, which moves toward
land, is aided by a low-level wind, while the sea breeze from
Fig. 7 Climatological aspects of precipitation and days with thunderstorm from 1971 to 2000 (KMA (2001))
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the East Sea on the east coast remains stationary after being
obstructed by the Taebaek Mountains. This causes a coastal
gradient of lightning frequency on the eastern side of the
peninsula with a zone of high lightning frequency along the
west coast (Shin and Lee 1989; Kar and Ha 2003).
The spatial pattern of precipitation and lightning distribution
during June 2001 were similar to those of July 2000. However,
the times of maximum lightning activity were quite opposite.
The southern peaks were dominant in the afternoon and the
midland peaks at night. These patterns were carried over to the
next month and times of maximum flash counts between the
southeast and midwest areas are clearly divided in July 2001.
The southern flash count peaks seemed to be influenced by
the mountainous topography. The western coast of the Korean
Peninsula is the intrusion pathway for moist air from the Asian
monsoon flow. The results of Kang et al. (1999) suggested
that excessive surface heating from the warm sea surface in
the western Pacific during the summer monsoon season
coupled with moist air forms local convections and a low-
pressure system in the lower troposphere. The moist air from
the western Pacific is transported through the west coast of
Korea to the northeast and southwest elongated Sobaek
Mountains where upward motion is caused by a low-
pressure system and the convergence of horizontal surface
Fig. 8 Spatial distributions of precipitation (upper row), CG flash counts (middle row), and flash count maximum time (lower row) during the
2000 summer monsoon season
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wind. This updraft motion causes lightning activity on the
windward side of the Sobaek Mountains on the western side
of the Korean Peninsula. This convection increases until the
circulation system, develops a large-scale wave, which
transports the excess energy poleward. Despite the strong
afternoon peaks in the southern area, morning peaks
appeared along the south coast.
For August of both years, highly different patterns of
precipitation and lightning counts were observed (Figs. 8
and 9) but CG flashes occurred mostly in the afternoon all
over the peninsula. Compared with the significant decrease
in precipitation in 2001, a relatively strong lightning
maximum remained within the vicinity of the Noryeong
and Sobaek Mountain ranges, closely corresponding to the
land topography.
The center of the flashes on the midwest coast during
August 2001 might have been due to the presence of moist
convection in the western and southwestern part of Korea
during this month. The availability of moisture, the location
of the subtropical ridge axis, transitory troughs in the
westerlies, and low-level moisture surges from the west and
southwest of Korea can affect the occurrence of thunder-
storms, which in turn will affect the production of lightning
(Park et al. 1986; Ha et al. 2005).
For directly differentiating convective and large-scale
stratiform precipitation, ECMWF reanalysis data were
Fig. 9 Same as Fig. 9, but for 2001
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used in Figs. 10 and 11. In 2000, the maximum
convective rain occurred in the midwest, which was
enhanced during August. However, with stratiform pre-
cipitation, the maximum moves northward with the south
core in July and located in the midwest in August. If this is
compared with the special pattern of precipitation and
lightning shown in Fig. 8, the strong lightning peak in the
midwest would be assumed to be from convective rain and
the morning peak of precipitation with relatively high
lightning in southern parts from stratiform rain. Large-
scale stratiform rainfall moved faster in 2001 than in 2000,
with the maximum peak observed in the northern parts
during July. The strong early morning peaks of lightning
in 2001 explain this stratiform rainfall, being stronger in
the midland in July.
3.3 Moisture transport
3.3.1 Synoptic condition
To investigate the characteristics of month-to-month
variations in lightning and precipitation, the specific
Fig. 10 Convective and strati-
form precipitation from
ECMWF reanalysis of the data
during June, July, and August
2000
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humidity and wind from ECMWF reanalysis data were
analyzed, the results of which are shown in Fig. 12. The
wind vector overlapped over the contour shading for
specific humidity during July for each pressure field (500,
700, and 850 hPa).
It is evident from Fig. 12 that a strong southwesterly
wind passed over the East China Sea, which transported
moisture close to the South Korean surface. Southerly flows
mainly extended northward in 2000. A humidity ridge
passed the center of the peninsula northward with relatively
low humidity seen on the east and west coasts, which was
similar to the precipitation pattern observed in July. In
2001, a stronger southwesterly flow transported more
moisture to the Korean Peninsula. Abundant moist air
associated with the strong westerly and southwesterly flows
in the lower part of the air was obstructed and uplifted by
the northeast and southwest elongated Sobaek Mountains.
Such a sudden updraft motion of the moist westerly and
southwesterly flows was assumed to be responsible for the
lightning activity in the mid inland during July.
In August 2000, the northwesterly transport of moisture
dramatically decreased, while the transport of moisture
greatly exceeded the northward transport for July 2001 (not
shown).
Fig. 11 Same as Fig. 10, but for
2001
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No typhoon preceded the northward flow, and Korea
was not directly affected in 2001. Conversely, four
typhoons passed over the peninsula during 2000. As
mentioned in Section 3.1, typhoons do not appear to cause
much lightning. Generally, a typhoon that influences East
Asia moves to the north and northeast toward Korea, China,
and Japan, with westerlies from July to September. However,
in 2001, all the typhoons turned eastward under 25°N and did
not approach Korea. Although several factors could affect the
track of a typhoon including sea surface temperature, synoptic
pressure fields, and upper airflows, the strong westerly was
easily observed to have significant consequences in this year
by enhancing the lightning activity.
Moisture was more abundant over the Yellow Sea during
2001. This wasn’t nothing compared to the strong morning
rain in the midwest. On the contrary, the southerly wind,
not tilted eastward, was definitely related to the morning
peaks of rain and lightning in the south.
3.3.2 Fronts—warm and cold types
The cloud types can depend on the local direction of
transported air around the Changma front, which causes a
difference in the occurrence of lightning. Stratocumuli
developed when the Changma front proceeded northward
as the relatively humid and warm air from the North Pacific
Fig. 12 Wind vectors at 500
(top), 700 (middle), and
850 hPa (bottom) and specific
humidities (contour shading) for
July 2000 (left) and 2001 (right)
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climbs up over the dry and cold air from the Okhotsk air
mass. Conversely, the penetration of relatively humid and
warm air from the North Pacific under the dry and cold air
from the Okhotsk air mass generates cumulonimbi when
the front moves southward. Therefore, the distribution of
lightning and precipitation depending on the migration of
the Changma front were investigated and compared
between 2000 and 2001.
The Changma period is officially indicated by the KMA
from the time when the Changma front forms up to its
termination (from June 16 to July 19, 2000 and June 21 to
August 1, 2001). During these periods, the movements of the
front were checked on a daily basis using the weather map,
and cases of north- and southward migration to define and
differentiate the warm and cold front types were selected.
Because the Changma front is stationary, apparent
oscillations were infrequent. Four (22 June, 26 June, 14
July, and 16 July) warm types and one (30 June) cold type
front were observed in 2000 and one (29 June) warm type
and four (30 June, 05 July, 12 July, 15 July) cold types in
2001. The days when precipitation occurred as a direct
influence of typhoons were eliminated for these cases. As
mainly warm type fronts occurred in 2000 and the opposite
in 2001, each of the 4 days when warm and cold types
occurred in 2000 and 2001 were the focus of this section.
For all the warm types in 2000, only few lightning
occurrences were observed, with the exception of July 14,
when the lightning was concentrated over the southern area
(Fig. 13a–d). Precipitation, however, covered almost over
the entire peninsula, although, it was still concentrated in
the southern parts (Fig. 14e–h). Compared to 2000, more
lightning occurred over the cold types in 2001 and their
locations tended to be divided between the middle and
southern regions. These results were physically consistent
as the slope of a cold front is generally very steep due to its
faster speed compared to that of a warm front with a
vigorous rising motion often produced, which leads to the
development of showers and occasionally severe thunder-
storms. On the other hand, a warm front is related to more
stable, lower atmospheric conditions than a cold front, thus,
producing less lightning. The distribution of precipitation
showed divided patterns, similar to those observed with
lightning (Fig. 14). For both years, the total occurrences of
lightning and precipitation for four cases in each year were
Fig. 13 CG flash counts (top) and precipitation (bottom) during 2000 for the warm front cases
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very similar to the averaged distribution for each year. This
strongly indicated that each analyzed warm and cold types
were representative of the averages of both 2000 and 2001,
which was assumed to be closely related to cold types and
the abundant occurrence of lightning in 2001.
4 Conclusion
In this paper, temporal and spatial analyses of the lightning
and precipitation over South Korea during the summer
monsoon months have been made for two synoptically
different years. The results show that there was a distinct
morning peak of precipitation over the midwest region
of Korea during both years. Despite some similarities in
the temporal and spatial distributions of lightning and
precipitation, variations were also observed. Along the east
coast, little precipitation and few CG flash counts were
observed. Strong afternoon peaks of convective rainfall
were observed over the southern inland region, while the
south coast showed nocturnal or early morning peaks
representative of the common oceanic pattern of flash
counts. In 2000, the nighttime lightning counts peak was
dominant over the southern area, while the afternoon peak
was strong in the midland during summer. Conversely, the
strong afternoon peak over the southern region was
contrary to the early morning peaks over the midwestern
region in 2001. The average rain yields in 2000 and 2001
varied from 4×108 to 2×1010kg fl−1, and the monthly rain
yields were generally always higher over the coastal region
than over the land region for both years. The differences in
rain yield values between coast and inland regions were not
very high. The rain yields were generally higher during
2001 than 2000, up to 1.5×101kg fl−1 for each month. This
result indicates that the rain yield patterns were influenced by
the synoptic difference between 2000 and 2001. With strong
southwesterly flow from the ocean toward the peninsula thus
increasing the rain yield, 2001 was significantly more humid
than 2000. Several warm and cold type fronts occurred in
2000 and 2001, which were examined with special emphasis
to detect any possible influence of these types on the
local lightning distribution. It was found that the warm
Fig. 14 Same as Fig. 13, but for 2001 and for the cold front cases
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types in 2000 were associated with very few occurrences
of lightning, while the cold types appeared to be
responsible for the abundant occurrence of lightning in
2001, thereby, indicating that the warm and cold types
were representative of the local lightning distributions for
the respective years.
The unique topography of the Korean Peninsula (especially
the Taebaek Mountains on the east coast and the Sobaek
Mountains elongated along the northeast–southwest, coupled
with the Charyeong and Noryeong Mountains, which forms a
barrier to the inland flow of strong southwesterlies from the
East China Sea) is the trigger and focusing mechanism for
monsoons over the South Korean Peninsula. The western
coast of the Korean Peninsula is the intrusion pathway
for moist air from the Asian monsoon flow. The
atmospheric role during the summer is the development
of a low-pressure system in the lower troposphere, with
the relocation of a humidity ridge north to south across
the Korean Peninsula. Along with moist air, these are the
main ingredients for creating the southwest monsoon and
ancillary thunderstorms and the development of lightning
over South Korea.
It may be concluded from the present study that during
summer, the most consistent convective features over South
Korea are associated with the sea breeze lines and moist
convection of the Asian monsoon flow. Despite the
regularity of these features, our observations indicated that
the variations in the convective activity can be large in both
space and time. Consequently, the amount of rainfall and
the area of coverage can vary by orders of magnitude and
the location of the convection may differ considerably from
one month to the next. Several factors were assumed to be
responsible for these monthly fluctuations. Distinct tempo-
ral and spatial convection patterns would be expected to
develop under certain synoptic regimes. Therefore, the
timing, intensity and motion of sea breeze convergence
zones, and their associated convection, probably, depend on
the synoptic scale flow. Surface features, such as water
conservation areas and the coastal configuration, are also
likely to play varying roles in the generation, maintenance,
and monthly decay of circulation on the peninsular and
local scales. These factors, in combination with the
synoptic and regional-scale flow, may provide the neces-
sary mechanism accounting for the observed month-to-
month variability in convective patterns.
Thus, it is clear from the above discussion that the
convection on any particular day over South Korea results
from the interaction of regional, synoptic and peninsular
scales, as well as local surface feature variations. Therefore,
it is probably beyond our current ability to entirely
understand the myriad of factors and complex interactions
that determine the exact convection pattern for any
particular day. Baring this limitation in mind, important
differences in the principal meteorological factors and types
of convective patterns have been shown. This study was
successful in identifying the differences in the precipitation
and lightning distributions between two synoptically
different years over the South Korean Peninsula during
the summer monsoon season, as well as the strong
relationship between the observed convective patterns and
precipitation with variations in the large-scale flow.
Acknowledgments This work was supported by the Ministry of the
Environment as “The Echo-technopia 21 project.” The authors are
grateful to the anonymous reviewers for their valuable critical
comments which helped to improve this manuscript.
Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
References
Buechler DE, Wright PD, Goodman SJ (1990) Lightning/rainfall
relationships during COHMEX. Preprints, 16th Conf on Severe
Local Storms, Kananaskis Park, AB, Canada, Amer Meteor Soc
710–714
Carey LD, Rutledge SA (2000) The relationship between precipitation
and lightning in tropical island convection: A C-band polarimetric
radar study. Mon Wea Rev 128:2687–2710
Cheze JL, Sauvageot H (1997) Area-averaged rainfall and lightning
activity. J Geophys Res 102:1707–1715
Chronis TG, Anagnostou EN, Dinku T (2004) High-frequency
estimation of rainfall from thunderstorms via satellite infrared
and a long-range lightning network in Europe. Q J R Meter Soc
130:1555–1574
Cummins KL, Murphy MJ, Bardo EA, Hiscox WL, Pyle RB, Pifer AE
(1998) A combined TOA/MDF technology upgrade of the US
National Lightning Detection Network. J Geophys Res
103D:9035–9044
Finke U, Hauf T (1996) The characteristics of lightning ocurrence in
southern Germany. Contrib Atmos Phys 69:361–374
Ha K-J, Park S-K, Kim K-Y (2005) On interannual characteristics of
Climate Prediction Center merged analysis precipitation over the
Korean peninsula during the summer monsoon season. Inter J
Climatol 25:99–116
Kang I-S, Ho C-H, Lim Y-K (1999) Principal modes of climatological
seasonal and intraseasonal variations of the Asian Summer
Monsoon. Mon Wea Rev 12:322–340
Kar SK, Ha K-J (2003) Characteristic differences of rainfall and
cloud-to-ground lightning activity over South Korea during the
summer monsoon season. Mon Wea Rev 131:2312–2323
Kim B-J, Kripalani RH, Oh J-H, Moon S-E (2002) Summer monsoon
rainfall over South Korea and associated circulation features.
Theor Appl Climatol 72:65–74
KMA (2001) Climatic Atlas of Korea. Korea Meteorological
Administration, pp 188
Kwon W-T, and coauthors (2004) Climate of Korea, Korea Meteoro-
logical Administration and National Institute for Meteorological
Research, 417 pp (in Korean)
Latham J (1981) The electrification of thunderstorms. Q J R Meter
Soc 107:277–298
Diurnal and spatial variabilities of monsoonal CG lightning and precipitation and their association 59
Latham J, Blyth AM, Christian HJ Jr, Deierling W, Gadian AM (2004)
Determination of precipitation rates and yields from lightning
measurements. J Hydrology 288:13–19
Lim G-H, Kwon H-J (1998) Diurnal variations of precipitation over
South Korea and its implication. J Korean Meteor Soc 34:222–
237
Lim E, Lee T-Y (2005) Statistical characteristics of lightning over
the Korean Peninsula for 1996–2000. J Korean Meteor Soc
41:41–55
MacGorman DR, Rust WD (1998) The electrical nature of storms.
Oxford University Press, pp 422
Marshall JS, Radhakant S (1978) Radar precipitation maps as
lightning indicators. J Appl Meteor 17:206–212
Molinie G, Soula S, Chauzy S (1999) Cloud-to-ground lightning
activity and radar observations of storms in the Pyrenees range
area. Q J R Meter Soc 125:3103–3122
Oki T, Musiake K (1994) Seasonal change of the diurnal cycle of
precipitation over Japan and Malaysia. J Appl Meteor 33:1445–
1463
Park S-U, Yoon I-H, Chung S-K (1986) Heat and moisture sources
associated with Changma front during the summer of 1978. J
Korean Meteor Soc 22:1–27 (in Korean)
Petersen WA, Rutledge SA (1998) On the relationship between cloud-to-
ground lightning and convective rainfall. J Geophys Res 103:14
025–14 040
Petersen WA, Carey LD, Rutledge SA, Knievel JC, Doesken NJ,
Johnson RH, McKee TB, Haar TV, Weaver JF (1999) On the
relationship between cloud-to-ground lightning and convective
rainfall. Bull Amer Meteor Soc 80:191–216
Piepgrass MV, Krider EP (1982) Lightning and surface rainfall during
Florida thunderstorms. J Geophys Res 87:193–201
Ramage CS (1952) Diurnal variation of summer rainfall over east
China, Korea and Japan. J Meteor 9:83–86
Reap RM (1994) Analysis and prediction of lightning strike
distributions associated with synoptic map types over Florida.
Mon Wea Rev 122:1698–1715
Rutledge SA, MacGorman DR (1988) Cloud-to-ground lightning
activity in the 10–11 June 1985 mesoscale convective system
observed during OK PRE-STORM. Mon Wea Rev 116:1393–
1408
Samsury CE, Orville RE (1994) Cloud-to-ground lightning in tropical
cyclones: a study of Hurricanes Hugo (1989) and Jerry (1989).
Mon Wea Rev 122:1887–1896
Shackford CR (1960) Radar indications of a precipitation–lightning
relationship in New England thunderstorms. J Meteor 17:15–19
Sheridan SC, Griffiths JF, Orville RE (1997) Warm season cloud-to-
ground lightning–precipitation relationships in the south-central
United States. Weather Forecast 12:449–458
Shin D-B, Lee T-Y (1989) The effects of topography on the sea and
land breeze circulation over the central part of Korea. J Korean
Meteor Soc 25:56–69 (in Korean)
Soriano LR, de Pablo F, Diez EG (2001) Relationship between
convective precipitation and cloud-to-ground lightning in the
Iberian Peninsula. Mon Wea Rev 129:2998–3003
Soula S, Chauzy S (2001) Some aspect of the correlation between lightning
and rain activities in thunderstorms. Atmos Res 56:355–373
Sun J, Lee T-Y (2002) A numerical study of an intense quasistationary
convection band over the Korean Peninsula. J Meteor Soc Japan
80:1221–1245
Tanaka M (1992) Intraseasonal oscillation and onset and retreat dates
of the summer monsoon over east, southeast Asia and the
western Pacific region using GMS high cloud amount data. J
Meteor Soc Japan 70:613–629
Uman MA (1987) The lightning discharge. International Geophysics
Series, Vol. 39, Academic Press, pp 377
Watson AI, Lopez RE, Holle RL (1994) Diurnal cloud-to-ground
lightning patterns in Arizona during the southwest monsoon.
Mon Wea Rev 122:1716–1725
Williams ER, Weber ME, Orville RE (1989) The relationship between
lightning type and convective state of thunderclouds. J Geophys
Res 94:13 213–13 220
Zhou Y, Qie X, Soula S (2002) A study of the relationship between
cloud-to-ground lightning and precipitation in the convective
weather system in Chian. Ann Geophys 20:107–113
Zipser EJ (1994) Deep cumulonimbus cloud systems in the tropics
with and without lightning. Mon Wea Rev 122:1837–1851
60 Y.-K. Hyun et al.
